Invasion by non-native tree species is a major driver of reduction and fragmentation of forest ecosystems, also altering biodiversity components. However, the effects of this process on the phylogenetic structure and diversity of Mediterranean woodlands are still unknown. Accordingly, we used cork oak (Quercus suber) stands invaded by self-sowing populations of maritime pine locally introduced ca. 70 years ago as a model system to assess the impact on the taxonomic and phylogenetic diversity of the native seed plant community. We performed vegetation sampling of the two forest types in sites of central Italy with similar conditions. Taxonomic diversity was negatively affected by the pine at three levels (gamma, alpha, beta). Indicator species were significantly less numerous than in cork oak stands, and did not include two growth-forms such as herbs and vines. Phylogenetic diversity metrics were inferred from an evolutionary tree of seed plants based on a ITS-5.8S nuclear DNA dataset including original sequences from local plant material. Phylogenetic diversity (PD) was positively related to species and genus richness, showing a marked decrease in the pine stands. Seven major clades (orders) of angiosperm dicots were only represented in the cork oak community. Both the NRI and NTI indices showed a significant reduction of phylogenetic evenness in the pine forest. Here, the proportional increase of related taxa with acid-tolerance specialization suggests that soil acidification is a major driver for a ''habitat filtering" effect causing the exclusion of several understorey species and genera of cork oak forests. Progressive thinning of the pine stands is advocated to avoid further acidification and promote the re-conversion to oak woodlands by natural regeneration. This will ultimately favor the recovery of the associated plant diversity and the restoration of a vanishing forest ecosystem of the ancient Mediterranean landscape.
Introduction
Introductions of alien tree species, both deliberate and inadvertent, have caused the reduction and fragmentation of native forests around the world (Jose et al., 2008) . The structure and functioning of the invaded ecosystems have been largely influenced via changes in their species composition, especially driven by nonnative trees that tend to form monospecific stands. Since functions are often supported by a suite of species that are characteristic of a particular habitat (Jose et al., 2008) , understanding the changes in composition, richness, diversity and abundance of the native plants is the first step to predict the overall impact of the invasion process. Species richness and composition, however, do not account for the possible consequences on another key component of diversity, that related to the phylogenetic relationships within floristic assemblages, or phylogenetic diversity. According to Faith (1992) , this can be defined as the total amount of evolutionary distance among plant species in a community, which is determined by how related species are to each other. Such a ''deep" component of diversity has been suggested to be relevant for ecosystem functioning (Srivastava et al., 2012) and services (Faith et al., 2010) as well as processes such as extinction (Purvis et al., 2000) and biotic invasion (Winter et al., 2009; Lapiedra et al., 2015; Constán-Nava et al., 2015) . According to Winter et al. (2009) , the latter has the potential to cause dramatic changes of also the phylogenetic diversity of native plant assemblages. On the other hand, maintaining genetic diversity and the evolutionary potential of all species within and across communities is considered one of the most important goals in biological conservation actions and sustainable environmental management, since this may enable rapid adaptation to changing habitat conditions across ecologic and evolutionary time scales (Jump et al., 2009; Rodrigues and Gaston, 2002) . Indeed, the analysis of evolutionary relationships among overstorey trees has been shown to be relevant for the assessment of health conditions, sustainability and productivity of the forested ecosystems in north America, with implications for their broad-scale monitoring in the face of global changes and stress factors (Potter and Koch, 2014; Potter and Woodall, 2014) . Hence, gaining new insights into the organization of forest communities from an evolutionary perspective and assessing the impact of disturbance processes such as biotic invasion may have important implications for the conservation of their integrity in the long-term.
Looking at the Old-World temperate forests, however, these aspects are still largely unknown and no evidence exists about the effects of invasive trees on the phylogenetic structure and diversity of Mediterranean woodlands. These ecosystems represent a major hot-spots of diversity and endemism at the global scale and provide multiple goods and services that are crucial for the socio-economic development of rural areas and for the welfare of the urban populations (Scarascia et al., 2000; Quézel and Médail, 2003) . However, several threats exist that make these forests vulnerable especially in the face of climate and land-use changes (Palahi et al., 2008 ). An emblematic example of declining ecosystem are the woodlands dominated by the cork oak (Quercus suber), one of the most characteristic components of the ancient Mediterranean landscape as a result of either the longevity and size of the species or its usefulness to humans . These woodlands harbor a remarkable richness of both animal and plant taxa, several of which are threatened at a global or regional scale (Berrahmouni et al., 2009; Selvi and Valleri, 2012) . In recent times, cork oak forests have decreased in surface and vitality with negative consequences on the conservation status of these species, as well as on ecosystem functionality and resilience. Expansion of agriculture, overgrazing, fires, pests, global climate change and afforestation with non-native trees are the major drivers of this decline .
One of the problems is the spread of non-native populations of conifer trees such as the maritime pine (Pinus pinaster; Selvi, 2009), a species widely used for afforestation purposes across the Mediterranean countries (Andrés and Ojeda, 2002) and in the southern Hemisphere (Richardson et al., 1994) . Native to the humid parts of the western Mediterranean regions under the Atlantic climatic influence, it reaches the eastern limit of its range in Liguria and NW Tuscany in Italy (Agostini, 1968) . From these small Italian native areas, it was extensively introduced around 60-70 years ago in several parts of central Italy with a less humid climate to quickly re-establish a forest cover in shrublands and garrigues resulting from the degradation of the native deciduous and/or evergreen woodlands (Gabellini and De Dominicis, 2003) . As the two species have similar requirements, the maritime pine found favorable climate and soil conditions and outcompeted the cork oak in these areas with degraded forest vegetation, due to its faster growth and regeneration rate. In many sites, recurring wildfires have further favoured it thanks to its pioneer character and regeneration ability after burning events (Fernandes and Rigolot, 2007) . At present, secondary pine stands form patches with an extensive total surface 26376 ha in Tuscany (Tabacchi et al., 2007) , that was once mostly covered with native evergreen woodlands, thus causing their further fragmentation. This mosaic-like forest landscape provided an unintentional experimental setting to investigate the impact of pine invasion on the taxonomic and phylogenetic diversity of a typical Mediterranean forest type. To our knowledge, this topic was never studied before. Previous studies have described the effects of maritime pine plantations on species richness of open, tree-less Mediterranean ecosystems, such as serpentine vegetation (Chiarucci and De Dominicis, 1995) or montane heathlands (Andrés and Ojeda, 2002) , but not on forest communities.
Measurement of phylogenetic diversity requires maximally resolved trees of the species in a community or its samples, which is often a major problem because DNA sequence data are still lacking for a significant proportion of plant taxa. Most case-studies published so far (e.g., Arroyo Rodríguez et al., 2012; Qian et al., 2014) relied on trees produced from on-line sources that are often incompletely resolved at the species level. As this was the case for also our study, we estimated relationships from a ad-hoc phylogenetic tree from a DNA dataset including both accessions from public databases and original gene sequencing work. New sequences were obtained for those taxa still not investigated for our genomic regions using plant material collected in the sampling sites and analyzed with molecular methods. By this approach we found a strong impact of pine cover on the phylogenetic structure and diversity of the native community, suggesting that non-native conifers with invasive behavior may represent a serious hazard for similar forest types in other regions, and possible management strategies that may help to restore and conserve a unique Mediterranean habitat.
Materials and methods

Study site
This investigation was carried out in the so called region of ''Maremma" in south Tuscany (central Italy), where cork oak forests are at their eastern limit of natural distribution and under relative geographical isolation. This habitat is described as ''very local, relict coastal forests of Tuscany and Latium" (Quercion suberis) in the Corine Manual (habitat no. 45.214 in Corine Biotopes Manual, 1991) and is recognized as of high conservation value under the EU Habitat Directive 92/43 (no. 9330). The study area (42°53 0 -4 3°09 0 N to 11°06 0 -11°17 0 E; ca. 320 km 2 ; Fig. 1 ), is part of a vast complex of hills of the Antiapennine system with an altitudinal range of 75-450 m above sea level. With 720-820 mm of mean annual rainfall, ca. 3 months of drought and 14-14.5°C of mean annual temperature, the bioclimate of this area is typically mesomediterranean. The hill system covered by the forest types object of this study is geologically homogeneous and consists of siliceous crystalline rocks of quartzitic-anagenitic type. Soils deriving from this formation belong to the broad category of Cambisols (V.V. A. A., Soil Atlas of Europe), but are often shallow, nutrient-poor and subject to summer drought and acidification, also depending on the forest type.
The area is largely covered by forest vegetation (over 50% of the territory), mainly consisting of native evergreen sclerophyllous communities. Secondary conifer woodlands of maritime pine occur with large patches on especially hill slopes and ridges, therefore forming a mosaic with the native evergreen woodlands. From a syntaxonomical point of view, the local cork oak forests belong to the associations Cytiso villosi-Quercetum suberis and Simethido mattiazzi-Q. suberis (Selvi and Viciani, 1999) , while the maritime pine-dominated community has been referred to the association Tuberario lignosae-Callunetum vulgaris (Gabellini and De Dominicis, 2003) .
The study area includes Nature Reserves and sites of the ReteNatura 2000 network, such as ''Monte Leoni" (code: IT51A0009) and ''Val di Farma" (IT51A0003).
Study design and data collection
Field sampling was performed by means of 66 vegetation plots in representative cork oak (33) and maritime pine stands (33), measuring 15 Â 10 m in size. Cork oak stands were native while pine stands were mainly second-generation forests originated from natural regeneration of the trees that were artificially seeded some decades ago. Based on local common knowledge and historical documents, forest cover has been continuous in the area of the plots, with no evidence for past conversions to agricultural uses. Especially after the 2nd world war the woodlands in the area were much degraded because of fires and over-exploitation (firewood, wood charcoal, other materials), so that a policy of forest recovery was pursued employing the local populations for the preparation of the ground (holes, furrows) and the pine sowing operations on the hills with siliceous parent rock.
Thanks to the mosaic-like vegetation landscape formed today by these two forest types, it was possible to sample representative stands in geographical proximity, and with a similar number of plots in the different parts of the study area. This allowed us to keep variation of the main climate, geo-lithological and soil conditions at minimum, while altitude, slope aspect and inclination were not controlled. Plots were scattered over the whole area, therefore allowing us to catch local variations in species composition of the respective communities and reducing spatial autocorrelation. For the geographical details of the studied sites see ''Supplementary material". Vegetation structure and physiognomy was relatively uniform between the plots of the two forest types. Cork oak stands had a canopy cover of Q. suber P 50% (mean = 86% ± 5.1) and not more than 10% cover of pine, and vice versa (mean P. pinaster cover in pine stands = 81% ± 7.9). Mixtures with a similar abundance of cork oak and pine were uncommon compared to areas alternately dominated by one or the other species. All plots were located in stands left to natural development and not disturbed by recent silvicultural management. The shrub layer was consequently well developed in both forest types.
The plot area (150 m 2 ) was surveyed for total ground cover and floristic composition in each layer, scoring all vascular plants for cover percentage (Kent and Coker, 1992) . Plant identification was mostly performed in the field based on Selvi (2010) . Portions of leaf tissue of 13 species to be subsequently analyzed for DNA data (see below) were collected from plants within the plot area and rapidly dried in silica-gel. Voucher specimens are kept in the Herbarium of the Natural History Museum of the University of Florence, Italy (FI). At the four corners and in the center of ten randomly selected plots per forest type, five soil cores of 15 cm were collected using steel cylinders. Samples were dried, sieved and mixed together to obtain one composite sample per plot that was analyzed for pH (H 2 O).
Selection of molecular markers, DNA isolation, sequence alignment and tree construction
Phylogenetic diversity of the spermatophyte communities in the plots (e.g., excluding ferns) was inferred from a super-tree obtained from the analysis of three markers from the Internal Transcribed Spacers of the nuclear ribosomal DNA, the ITS1-5.8S and ITS2 regions. The first reason for using these markers as an indicator of evolutionary relationships is that, despite some potential flaws, they are by far the most widely used to date for phylogenetic inference in spermatophytes. This allowed us to assemble the sequence dataset retrieving accessions of most species in our plots from available sources. Second, the (generally) greater discriminatory power of nrITS over plastid regions at low taxonomic levels (species) is well documented in seed plant systematics (e.g., Feliner and Rosselló, 2007; Hollingsworth et al., 2011) , supporting this region as a core barcode for spermatophytes (Li et al., 2011) . Using these markers allowed us to avoid polytomic groups and to obtain a resolved tree even for those genera with two or more species (e.g., Brachypodium, Cytisus, and others).
Molecular sequence data for 63 out of the 76 species in our vegetation sample were taken from GenBank (http://www.ncbi.nlm. nih.gov/), using the accession numbers given in Appendix A. Hence, analysis was performed for 13 species that were not available from this database. Isolation of genomic DNA followed a modified 2ÂCTAB protocol (Doyle and Doyle, 1990 ) successfully adopted in our previous studies using molecular tools (see Coppi et al., 2008 and references therein). Amplification of the ITS region was performed using the primers ITS4 and ITS5 (White et al., 1990 (1.5% w/v) containing 1 lg/ml ethidium bromide, by comparison with a known mass standard. After purification (Roche, Mannheim purification kit, Germany), the PCR reactions were quantified with a spectrophotometric method (Biophotometer, Eppendorf). Amplification was not successful for four monocots: Carex halleriana (Cyperaceae), Ruscus aculeatus (Asparagaceae), Simethis mattiazzii (Xanthorrhoeaceae) and Dioscorea communis (Dioscoreaceae; see Li et al., 2011 for problems in ITS amplification of Dioscorea). Automated DNA sequencing was performed directly from the purified PCR products using BigDye Terminator v.2 chemistry and an ABI310 sequencer (PE-Applied Biosystems, Norwalk, Connecticut, U.S.A.).
Original sequences were checked for homology with Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and edited with BioEdit v.7.0 (Hall, 1999) . The few overlapping peaks at the same 1-bp position, possibly associated with heterozygous alleles or minor DNA polymerase errors, were translated following the IUPAC ambiguity code. All original sequences were deposited in GenBank and can be retrieved using the accession number in Appendix A.
The final dataset consisted of 76 accessions of seed plants (Appendix A), including three species of respectively, Asparagaceae subfamily Nolinoideae, Xanthorrhoeaceae and Dioscoreaceae that were not present in our plots but added in order not to lose important phylogenetic information caused by the missing sequences of Ruscus, Simethis and Dioscorea. The above higher-order taxa would have been otherwise not represented. Multiple alignment of the ITS-5.8S dataset was performed with MAFFT v. 7.0 (Katoh and Standley, 2013) using the L-INS-i strategy and then carefully checked by visual inspection with BioEdit. Gaps were then coded as separate characters according to Simmons and Ochoterena (2000) using FastGap v.1.0.8 (Borchsenius, 2009) , and appended at the end of the dataset. Tree construction was finally performed using Neighbor-Joining (NJ) and bootstrap analysis with 1000 replicates, as implemented in PAUP ⁄ v.4.0 (Swofford, 2000) . NJ is a fast and effective method to infer reliable phylogenetic trees with branch lengths reflecting evolutionary divergence among species (Mihaescu et al., 2009) , as shown by the large congruence between our tree and those by APG III (2009) in terms of topology of the major clades retrieved.
Data analysis
All analyses were performed with R software (R Core Team, 2014). After checking the significance of differences in total ground cover and soil pH between the two forest types, we examined taxonomic diversity at three levels. Overall species richness (SR) of the pine and cork oak plots was determined (c-diversity), followed by the estimation of taxonomic singularity at the genus and family level as the ratios genera:species and family:genera, respectively (Ojeda et al., 2000) . Third, we calculated b-diversity as the compositional dissimilarity of each plot against all the other plots of the two forest types, based on the Lennon distance measure (Lennon et al., 2001) . Nonmetric multidimensional scaling (NMDS, metaMDS function; Oksanen et al., 2008) was used to visualize the compositional differences between the two forest types based on the Lennon dissimilarity index. Differences in the position of plots in the multivariate space were tested using a permutational analysis of variance (PERMANOVA) with 999 permutations (Adonis function in Vegan), followed by a multivariate dispersion homogeneity test using betadisper (Warton et al., 2012) . Then, an indicator species analysis (Dufrêne and Legendre, 1997) was performed (function multipatt in Indicspecies package) to identify the species significantly associated with each of the two forest types in terms of frequency and cover. Ellemberg indicator values of these taxa for light (L), temperature (T), soil humidity (U), soil reaction (R) and nutrients (N), according to Pignatti (2005) , were used to infer the main ecological differences between the two forest ecosystems.
We then used Faith's phylogenetic diversity (PD) metric (Faith, 1992) to quantify the phylogenetic a-diversity of each forest plot as the total branch length joining the basal node (i.e., the spermatophyte node) to the branch tips of all species in the plot. Faith's PD is the simplest measure of the cumulative evolutionary age in a community and has the advantage of being a phylogenetic diversity metric in conservation and ecological research (Faith, 1992; Forest et al., 2007; Morlon et al., 2011; Rodrigues and Gaston, 2002) . We also used the Net Relatedness Index (NRI) and the Nearest Taxon Index (NTI) to quantify the degree of communityweighted phylogenetic relatedness among species within each forest plot. Both indices are useful for the assessment of genetic sustainability and health of forest ecosystems (Potter, 2008; Potter and Koch, 2014) . NRI measures the standardized effect size of the mean phylogenetic distance (MPD), which estimates the average phylogenetic relatedness between all possible pairs of taxa in an assemblage (Webb, 2000) . NTI is a standardized measure of the branch-tip phylogenetic clustering of the species on the plot (usually indicated as MNTD, Mean Nearest Taxon Distance), regardless of the arrangement of the higher level groups in the phylogenetic tree (Webb et al., 2002) . Positive values of NRI and NTI indicate that MPD and MNTD, respectively, are lower than expected by chance (null model) and that phylogenetic clustering of species occurs. Conversely, negative values of NRI and NTI result when the observed MPD and MNTD are greater than expected by chance and thus indicate phylogenetic over-dispersion or evenness. To compare MPD and MNTD to null community data we used a simple null model of randomly drawing species (phylogeny branch tips), holding plot species richness constant as suggested in the Phylocom software (Webb et al., 2008) . All phylogenetic metrics were obtained with the package Picante (Kembel et al., 2010) . The effects of forest type on taxonomic and phylogenetic diversity were finally examined using a linear model approach, also including canopy cover and main site characters (altitude, topography, slope aspect and inclination) as independent variables. Effects were fitted using gls from the nlme package with a Gaussian error distribution and parameter estimation via restricted maximum likelihood for the Shannon diversity index H 0 , PD, NRI and NTI; for SR we used glm from the stats package with a Poisson error distribution, loglink and parameter estimation via maximum likelihood. Starting from the full model, we looked for optimal structure based on Akaike's Information Criterion (AIC): the model with the lowest value was considered to be most consistent with the dataset. For each model, we calculated the R-squared (R 2 ), which refers to the fraction of the total variation in the response variable explained by the model. Moreover, differences in taxonomic and phylogenetic diversity metrics as well as environmental variables (Ellemberg values) between the two forest types were tested with the t-test or the non-parametric Wilcoxon signedrank test, after checking normality and homogeneity of variance.
Results
Taxonomic diversity
Gamma-diversity was considerably higher in the cork oak stands (76 species) than in the maritime pine stands (46). Taxonomic singularity at the genus level was also higher in the former forest type (0.82 vs. 0.72), though comparable at the family level.
The range of species number per plot was 14-23 in the cork oak and 9-17 in the pine stands, with a clear difference in the mean values (18.7 vs. 13.4, respectively). Species richness was explained by forest type for the 54% of the total variation: It was significantly increased in the cork oak stands (P < 0.001). AIC criteria indicated a negligible role for the site variables and forest cover (Table 1) .
Lower a-diversity in the pine plots was confirmed by Shannon values (1.56 ± 0.17 vs. 1.69 ± 0.19 in cork oak stands, P = 0.007), though model results showed that this index was affected by neither forest type (only 10% of the variation), nor by the other variables included in the analysis (Table 1) .
Looking at b-diversity, a significant difference in the mean inter-plot Lennon distance occurred between the two forest types (pine: 0.305 ± 0.07; cork oak: 0.396 ± 0.06; P < 0.001), indicating larger compositional differences between cork oak plots than between pine plots. The NMDS scattergram (Fig. 2 ) allowed us to visualize the broader dispersion of cork oak plots and their partial separation from the more clustered pool of pine plots in the positive part of the first NMDS axis. PERMANOVA test confirmed the significance of this separation (P = 0.001), supporting the differences in the floristic composition of the two forest types.
Indicator species analysis revealed that 17 seed plant taxa are significantly associated with cork oak stands, belonging to five main growth forms: Four trees, three shrubs, six vines, two herbs and two graminoids (Fig. 3) . Only six indicator species resulted for pine stands, of which one was a tree, three were shrubs and two were graminoids (Fig. 3) ; neither herbs nor vines included indicator species in this forest type. Interestingly, some indicator taxa of cork oak stands such as the geophytic herb Cyclamen repandum, the vine Asparagus acutifolius or the shrub Cytisus villosus were nearly completely lacking in the pine stands (Fig. 3) . Indicator species of pine plots had higher light requirements (mean L value = 8.2 vs. 4.9) and were more distinctly xerophilous (mean U value = 2.25 vs. 3.67), acidophilus (mean R value = 2.8 vs. 5.2), and with lower nutrient requirements (mean N value = 2.2 vs. 4.3; Fig. 4 ).
Phylogenetic diversity and structure
The ITS-5.8S alignment included 1502 positions of which 857 were phylogenetically informative. The resulting tree (total length = 9148) was largely congruent with the APG III tree for the major angiosperm groups (Fig. 3) . Monocots and eu-dicots, both monophyletic clades, included members of 4 and 18 orders of the APG system, respectively; within the eu-dicots, Ranunculales were sister to the major clades of Asterids and Rosids. As many as seven dicot orders (Sapindales, Malpighiales, Santalales, Caryophyllales, Geraniales, Aquifoliales, Ranunculales) were only represented in the cork oak plots; all other orders were represented in both forest types. The range of PD values was 2461-4623 and 3215-5283 in pine and cork oak forests, respectively, and linear regression supported a positive correlation with species Table 1 Model selection results based on AIC criteria showing the effects of forest type and site variables on taxonomic and phylogenetic diversity metrics (response variables, in the first column): species richness (SR), Shannon index (H 0 ), phylogenetic diversity (PD), Net Relatedness Index (NRI) and Nearest Taxon Index (NTI). The explanatory variables are: forest type (levels: pine, cork oak), topography (levels: flat, slope), slope aspect (levels: E, N, NE, NW, S, SE, SW, W, ''X" for ''flat"), slope inclination (levels: ''0" flat, low 1-25%, medium 26-50°, high >50%) and altitude. The arrows indicate the direction effect on the response variables (" positive; ; negative), determined by the explanatory variable levels compared to the first level of each predictor (given in the second row). The symbol '/' indicates that the corresponding predictor variable is not present in the model. R-squared (R 2 ) values and degrees of freedom (df) are given. richness (r = 0.89, F = 279.9, P < 0.001; Fig. 5a ), genus richness (r = 0.91; F = 322, P < 0.01; Fig. 5b ) and species diversity H 0 (r = 0.51, F = 22.57, P < 0.001; Fig. 5c ). Model results (Table 1) showed that forest type is the strongest predictor for PD (P < 0.001), and that this metric is also affected by site variables such as topography (positive effect of flat vs. slope; P = 0.016), Fig. 3 . Neighbor-Joining phylogenetic tree of the seed plant species recorded in the 66 plots, based on ITS-5.8 DNA sequences. Major angiosperm clades and orders are indicated according to the APG III system; bootstrap support (BS) > 50% is shown. For each species (branch-tips), the frequency % in pine vs. cork oak plots are given, and those significantly associated with one of the two forest types, as resulting from Indicator species Analysis, are indicated in bold (in italics those of cork oak forest, in plain those of pine forest): ⁄⁄⁄ P < 0.001; ⁄⁄ P < 0.005; ⁄ P < 0.01. The graminoid Carex halleriana, not shown in the tree, was associated to pine stands (P < 0.01).
slope aspect (positive effect of S-and W-facing slopes; P = 0.474) and altitude (negative effect of increasing altitude; P = 0.014); no effect of forest cover was detected. All plots had negative values of the NRI metric (Supplementary material; Fig. 6 ), indicating that species were more distantly related than expected by chance in both forest types. However, in only a small proportion of pine plots (2, 6.1%) phylogenetic over-dispersion was statistically significant (P < 0.05), while it was significant for a considerably higher proportion of cork oak plots (13, 39.4%).
Looking at the NTI metric (Supplementary material; Fig. 6 ), the pine plots resulted mostly positive (only four negative values, 12.1%), and none deviated significantly from the expected range of values. Cork oak plots were instead mostly negative (27, 81.8%), with 18 of them (54.5%) significantly deviating from the expected range and therefore including species more distantly related to each other than expected by chance. Model results showed that cork oak forest positively affected both NRI and NTI (both P < 0.001). However, variation of NTI was explained by the forest type only (63%), while NRI was partly affected also by site variables, especially slope inclination (P = 0.008) and altitude (P = 0.085; Table 1 ).
Discussion
Conversion of the native sclerophyllous communities into second-generation stands of non-native maritime pine populations had a strong negative impact on the taxonomic and phylogenetic diversity of the local forest flora. Overall species richness in pine forests was 40% lower than in the cork oak stands, while at the plot level there was a reduction of 28.5% (on average ca. 5 species less). This result is in line with other studies showing reduction of species richness in forest ecosystems invaded by non-native trees and shrubs (González-Muñoz et al., 2012; Lorenzo et al., 2012) . In terms of functional groups, this decrease was especially strong for the herbaceous plants, both geophytes and hemicryptophytes. When considering species abundance, reduction of Shannon diversity was less dramatic (19.1%) and non-significant according to the model results, probably due to the positive effect of a higher species evenness in the shrub and understory layers of the pine stands. Taxonomic singularity at the genus level was also lower than in cork oak stands, though at a higher level there were no negative effects. Apparently, major lineages such as families were less affected by community composition and forest type than lowerrank and younger evolutionary units such as species and genera. Compositional dissimilarities among cork oak plots were on average distinctly larger than among pine plots, indicating that pine stands induce floristic homogenization and reduction of bdiversity at the landscape level. Only three monocot species were exclusively found in the latter forest type, showing its limited contribution to the regional plant diversity.
Overall, these findings support evidence from other studies showing that non-native pine woodlands have a negative impact on the diversity and distinctness of the local flora (e.g., Chiarucci and De Dominicis, 1995; Mazurek and Romane, 1986; Ojeda et al., 2000) . This explains why in large areas of Mediterraneantype shrublands of the southern hemisphere, several Pinus species (e.g., P. pinaster, P. radiata) are considered as problematic invasive aliens causing severe shifts in plant life-form dominance and reducing diversity (Richardson et al., 1994) . In the present study, the mosaic-like pattern of distribution of the two forest types and their occurrence under the same climate and parent rock suggests that species loss in the pine forest is driven by ecological changes at the stand level, among which are light and soil conditions. Lower light availability caused by afforestation with pine can reduce the diversity of tree-less, open vegetation types as heathlands and garrigues (Ojeda et al., 2000) but would be expected to have a negligible influence on forested habitats due to minor differences in canopy cover, as in the present study. However, Ellemberg values showed higher light requirements for the pine indicator species, which may take advantage of the young, post-fire origin of the stands and persist for several years under the relatively sparse cover of this conifer, until the canopy closes. Variations in the soil environment are likely to play a more important role than light. It is well documented that the thick layer of needle-litter of pines and other conifers has chemical and physical effects such as increased acidity and consequent loss of fertility due to the low quality in terms of low leaf nutrient concentrations and high C and lignin concentrations (Augusto et al., 2002; Binkley and Giardina, 1998) . Indeed, Ellemberg values of indicator species supported the marked acidophytic-oligotrophic nature of the pine forest soil, in line with the lower soil pH values directly measured in this study (Supplementary material) .
Loss of taxonomic diversity in the pine stands implied a parallel reduction of phylogenetic diversity, which confirms recent evidence showing the impact of invading tree species on Mediterranean plant communities (Lapiedra et al., 2015; Constán-Nava et al., 2015) . As found in previous studies in different areas and ecosystems (Forest et al., 2007; Qian et al., 2014) these indices were distributed in a similar manner and positively associated (Fig. 5) , which explains why a debate exists about the usefulness of PD vs. taxon richness in, for example, the selection of areas or ecosystems to be protected in conservation actions (Winter et al., 2013) . According to Forest et al. (2007) , however, the correspondence between taxon richness and PD can sometimes hide a fundamental decoupling of these biodiversity indices, and deviations of evolutionary diversity from expectations based on the number of species can occur in various plant assemblages (Knapp et al., 2008) , including forest communities (Potter and Woodall, 2012, 2014) . Though this was not apparently the case in our model system, the use of PD was still meaningful as this index provided a measure of the evolutionary variations associated with the loss of species. Based on present findings, these variations can be predicted and monitored using SR, which may assist the planning of management actions aiming at the re-conversion of pine stands to cork oak stands. In addition, species richness-independent metrics such as NRI and NTI also demonstrated significant differences in the amount of evolutionary diversity contained in the two forest communities and differences in their phylogenetic structure (Fig. 6) . Model results showed that cork oak forest had a positive effect on both indices and, consequently, that conversion into pine forest led to an increase of phylogenetic clustering of the community. This effect was stronger for NTI and not dependent on other site variables such as altitude and slope inclination as in the case of NRI. Based on the latter indicator, both forest types resulted over-dispersed but significant deviations from expected values occurred in the cork oak stands only. This was supported by the NTI index, which showed over-dispersion only in the latter forest type, with few exceptions for the pine stands. Because of the different properties of the two indices (NRI estimating the average phylogenetic relatedness between all possible pairs of taxa in an assemblage, NTI being a standardized measure of the branch-tip phylogenetic clustering of the species on the plot, regardless of the arrangement of the higher level groups in the phylogenetic tree), this response suggests that loss of evolutionary diversity in the pine forest is stronger in terms of fine-scale relatedness between younger taxa such as species (the branch-tips of the tree). This is in line with the changes in taxonomic singularity mentioned above, supporting that negative effects are less dramatic when considering relatedness at deeper levels (measured by NRI), thus including the evolutionarily older taxa. Phylogenetic overdispersion in the cork oak forest results from the co-existence of distantly related taxa that may have converged on a similar niche-use and show phenotypic attraction, as predicted for different ecosystem types (Cavender-Bares et al., 2004; Webb et al., 2002) . As often in harsh environments (Kelly, 1999) , higher clumping in the pine forest is instead likely associated with a stronger ''habitat filtering" effect by which plant species that are more closely related than expected by chance tend to coexist because of their similar ecological requirements (under the assumption of phylogenetic niche conservatism; Webb et al., 2002) . The selective conditions that characterize the maritime pine stands in terms of soil acidity and oligotrophy have likely enhanced this effect, with consequent exclusion of several species of the cork oak habitat. One of them is, for example, the shrub C. villosus, a nitrogenfixing member of the broom genus (Watt et al., 2003; Carrari et al., 2015) , whose strong decline in the pine stands may have significantly contributed to the nutritional impoverishment of the soil. Hence, the habitat filtering effect has likely resulted in the proportional increase of evolutionarily related taxa with acidtolerance specialization such as the Ericaceae.
This example shows that the selection of particular lineages with elevated competitive ability under changed environmental conditions could lead to a decrease in phylogenetic dispersion and, in turn, diversity of functional traits (Mayfield et al., 2010) , which may have serious consequences for the maintenance of ecosystem processes at an ecologically relevant timescale (Cadotte et al., 2011; Srivastava et al., 2012) . Evolutionarily distinct species are especially expected to contribute to the diversity of traits within forest ecosystems, which might convey numerous benefits to their stability and resilience in the face of environmental changes (Potter and Koch, 2014; Potter and Woodall, 2012, 2014) . According to Winter et al. (2013) , however, whether phylogenetic diversity correlates with functional diversity depends on the considered traits, the level of their phylogenetic conservatism, and the focal taxa and regions. Hence, direct analyses of functional traits are required to better understand their impact on assembly processes and phylogenetic structure, as well as a careful testing of niche conservatism (i.e., phylogenetic signal of functional traits) among sclerophyllous woodlands.
Conclusions
Combining plant community analysis with appropriate phylogenetic and molecular techniques to generate DNA sequences from local plant material may improve the resolution and reliability of the trees depicting the evolutionary relationships within forest communities. By using this approach we contributed to the genetic knowledge of the rich Mediterranean forest flora, which is still largely fragmentary (Scarascia et al., 2000) . Also, we showed that the impact of pine invasion goes beyond the reduction of the taxonomic diversity in our model system, as this process also involves the alteration of the phylogenetic structure of the native seed plant assemblage. To our knowledge this effect was not described before, at least in similar ecosystems.
Under the assumption that conservation of taxonomic, phylogenetic and functional diversity is a priority to ensure the integrity and stability of forests, our findings support the active management of the pine stands to promote their gradual re-conversion to oak-dominated woodlands. The occurrence of seedlings of the cork oak and other Quercus species in the understory and shrub layers of these stands (see Fig. 3 for their frequency) shows that native trees are not excluded by the selective soil conditions, and therefore that the key starting point for a natural re-conversion already exists. Progressive thinning of the pine trees will likely increase the competitive ability of the young oak trees as they grow up, because of their high light requirement ). In the long-term, such strategy will likely reduce the spatial fragmentation of cork oak areas and promote the re-establishment of the original habitat conditions, especially soil, thus potentially opening the way to the recovery of the associated biodiversity components that suffered more the spread of the pine, such as herbs and vines. Thanks to the mosaic-like distribution of the two forest types and their intimate spatial interconnections, recovery can be expected to take place by seed dispersal from the surrounding populations, though this may require decades for some species. On the contrary, further soil acidification that would result from the persistence of the pine stands may enhance species loss in the longer term, because species richness in artificial conifer woodlands generally decreases with soil pH (Verstraeten et al., 2013) . Recolonization will likely promote the recovery of the taxonomic diversity and over-dispersed phylogenetic structure of the community, favoring the conservation and restoration of a vanishing Mediterranean forest ecosystem.
